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Breast milk macrophages spontaneously produce granulocyte-macrophage
colony-stimulating factor and differentiate into dendritic cells in
the presence of exogenous interleukin-4 alone
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and Gynecology, Nippon Medical School, Tokyo, Japan

SUMMARY

Peripheral blood monocytes extravasate and differentiate into tissue macrophages to mediate
effective local defence, but how tissue-specific stimuli and environments may influence their
functions remains unknown. Here, we found that peripheral blood monocytes gained the ability to
produce granulocyte—macrophage colony-stimulating factor (GM-CSF) upon exposure to breast
milk and differentiated into CD1* dendritic cells (DCs) in the presence of exogenous interleukin-4
(IL-4) alone. This in vitro observation appeared physiologically relevant since macrophages that
were freshly isolated from breast milk were also found to produce GM-CSF spontaneously.
Furthermore, in contrast to peripheral blood monocytes that differentiated into DCs only in the
presence of both exogenous GM-CSF and IL-4, differentiation of breast milk macrophages into
DCs was induced by incubation with exogenous IL-4 alone. These IL-4-stimulated breast milk
macrophages were efficient in stimulating T cells, suggesting their potential role in mediating T-
cell-dependent immune responses in sizu. On the other hand, unexpected expression of DC-SIGN, a
DC-specific receptor for human immunodeficiency virus (HIV), even in unstimulated breast milk
macrophages, may favour HIV infection, resulting in an increased risk of mother-to-infant vertical
transmission of the virus via breast milk. Thus, tissue-specific development of macrophages is often
linked to effective local immunity, but may potentially provide an opportunity for a pathogen to

spread and transmit.

INTRODUCTION

Monocytes exit the bloodstream and differentiate into macro-
phages in the tissue. These tissue macrophages have developed
outstanding bactericidal activity, and thus function as sentinels
against invading pathogens.' In addition, following phagocy-
tosis of antigens encountered, some tissue macrophages differ-
entiate into T-cell stimulatory dendritic cells (DCs) while
migrating into the T-cell area of draining lymph nodes.? Thus,
tissue macrophages may potentially play a critical role not only
in innate immunity but also in induction of antigen-specific
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T-cell responses of acquired immunity. However, the in vivo
state of differentiation of monocyte-derived cells in unaffected
naive tissues remains elusive.

To address this question, our attention has been directed to
macrophages observed in breast milk. Breast milk is unique
among body fluids in that it contains a large number of
macrophages.> These mononuclear phagocytes comprise up
to 80% of the total cells present in the colostrum and early
human milk, and appear to play an immunoprotective role in
situ and even in the recipient infant.* Like other tissue macro-
phages, breast milk macrophages (BrMM¢) are thought to
derive from peripheral blood monocytes (PBMo), which extra-
vasate and subsequently migrate into breast milk through the
epithelium of the mammary gland.® In arriving at the breast
milk, BrMM¢ show highly phagocytic activity and ingest a
variety of milk components, resulting in the cytoplasmic accu-
mulation of lipid-rich inclusions.® Since recent in vitro and
in vivo studies have underscored a profound effect of trans-
migration and phagocytosis on monocyte/macrophage differen-
tiation,>> we hypothesized that BtMM¢ might significantly
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modify their functions and could be substantially different from
their precursor PBMo.

To test this hypothesis, we isolated B-rMM¢ from human
breast milk and compared them with PBMo. We found that
BrMMd, but not PBMo, were capable of producing granulo-
cyte—macrophage colony-stimulating factor (GM-CSF) sponta-
neously and differentiating into CD17" DCs by stimulation with
exogenous interleukin-4 (IL-4) alone. These unique functional
features of BrMM¢ were likely to be induced specifically by
phagocytosis of breast milk components since PBMo that
were allowed to phagocytose breast milk, but not Latex
beads, exerted similar functions. Furthermore, unlike PBMo,
BrMM¢ expressed DC-SIGN, a DC-specific lectin that med-
iates interaction with human immunodeficiency virus (HIV),®
suggesting a critical role for BrMM¢ in the vertical trans-
mission of HIV via breast milk. These findings emphasize
that BrMM¢ are unique and potent immune cells that may
function in both normal and pathological conditions, rather than
terminally differentiated cells that are discarded into breast
milk.

MATERIALS AND METHODS

Isolation and culture of BrMM¢ and PBMo

Breast milk was collected from healthy women within 3-6 days
of delivery after informed consent under a protocol approved by
the Institutional Review Board of the Nippon Medical School.
Fresh BrMM ¢ were isolated from breast milk by Ficoll-Hypa-
que (Amersham Pharmacia Biotech, Uppsala, Sweden) gradient
centrifugation, followed by adherence to polystyrene tissue
culture dishes for 1hr at 37°. The adherent cells were then
removed by incubation with 5 mM ethylenediaminetetraacetic
acid for 30 min at 4°. Flow cytometric analysis of the cells thus
obtained revealed that the cell preparation contained homo-
geneous CD14" cells with no apparent contaminating cells
(data not shown). In some experiments in which any in vitro
stimulation needed to be avoided, this plastic adherence step
was omitted. PBMo were isolated from human peripheral
blood either by plastic adherence or by the previously des-
cribed magnetic antibody cell sorting procedure.” For treat-
ment of BrMM¢ and PBMo with cytokines, the cells were
plated at 6 x 10%ml in RPMI-1640 medium (Sigma Chemical
Co., St Louis, MO) supplemented with 10% fetal calf serum
(Moregate, Bulimba, Australia), and cultured at 37° for 5 days
either in the presence or absence of GM-CSF (50 ng/ml) and/or
IL-4 (1000 U/ml) (both from Biosource International, Inc.,
Camarillo, CA).

GM-CSF secretion assays

Freshly isolated BrMM¢ and PBMo were placed in the wells
of 96-well tissue culture plates (2 x 10>/well) containing 200 pl
of RPMI-1640 medium supplemented with 10% fetal calf
serum. After 1-day incubation at 37°, the culture supernatants
were collected and GM-CSF concentration was determined,
using a commercial enzyme-linked immunosorbent assay
(ELISA) kit (Biosource International). In some experiments,
PBMo (1 x 106/ml) were incubated in 24-well culture plates for
4 hr with either breast milk supernatant at a concentration of
25% (v/v) or 0-1% latex beads (Polysciences, Inc., Warrington,

PA). At the end of the incubation, the cells were harvested, and
washed extensively. The cells were then cultured for an addi-
tional 30hr in 96-well tissue culture plates, and GM-CSF
concentration in the culture supernatants was determined as
described above.

Antibodies and flow cytometry

Fluorescein isothiocyanate-conjugated antibodies to CD14 and
CD40 as well as phycoerythrin-conjugated CD11b, CDS§3,
and CD86 were purchased from PharMingen (San Diego, CA)
and phycoerythrin-conjugated anti-human DC-SIGN mono-
clonal antibody (mAb) was from R & D Systems (Minneapolis,
MN). The mAbs against CD1a, CD1b, and HLA-DR have been
described previously.®® Fluorescein isothiocyanate-conjugated
antibodies against mouse immunoglobulins were purchased
from Immunotech (Marseille, France). Cells were preincubated
at 4° for 30 min in RPMI-1640 media containing 10% human
AB serum to block Fc receptors, and then labelled with indi-
cated antibodies as described previously.'® Labelled cells were
analysed using a FACScan (Becton Dickinson, Mountain View,
CA) with propidium iodide gating for viable cells.

Reverse transcription—polymerase chain reaction

(RT-PCR)

Total RNA was extracted from 3 x 10° cells of each cell
preparation by using the commercial RNeasy kit (QIAGEN,
Hilden, Germany), and the first-strand DNA was synthesized as
described previously.” Transcripts of CD83, GM-CSF, and DC-
SIGN as well as the house-keeping gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were amplified by PCR
reactions. The primer sets used were: CD83 sense, 5'-ATT ATT
GTA GGG TGG TGA AGA GAG G-3'; CD83 antisense, 5'-
GTG AGG AGT CAC TAG CCC TAA ATG C-3'; GM-CSF
sense, 5-GCT GCT GAG ATG AAT GAA AC-3'; GM-CSF
antisense, 5'-AGT CAA AGG GGATGA CAA G-3'; DC-SIGN
sense, 5'-GAG CTT AGC AGG GTG TCT TG-3'; DC-SIGN
antisense, 5'-GCA GGC GGT GAT GGA GTC GT-3'; GAPDH
sense, 5'-GCC TCA AGA TCA TCA GCA ATG C-3'; GAPDH
antisense, 5'-ATG CCA GTG AGC TTC CCG TTC-3'. After 30
cycles of PCR reactions, the PCR products were resolved by
electrophoresis in agarose gels and visualized by ethidium
bromide staining using a UV light source.

T-cell proliferation assay

Cord blood mononuclear cells were isolated by Ficoll-Hypaque
density gradient centrifugation and non-T cells were removed,
using the Lympho-kwik (One Lambda, Canoga Park, CA)
according to the manufacturer’s instruction. The remaining
cells were then passed through nylon wool column. The T-cell
population thus obtained comprised over 98% CD45RA™,
CD3" naive T cells, and were used as responder T cells. BrtMMd
were pretreated with GM-CSF and/or IL-4 as mentioned above,
and the cells were then washed, irradiated (5000 rads) and used
as antigen-presenting cells. Using 96-well, U-bottomed tissue
culture plates, purified native T cells (5 x 10*/well) were cul-
tured with indicated numbers of antigen-presenting cells at 37°
for 5days, and the [*H]thymidine (1 pCi/well) incorporation
during the last 18 hr of culture was determined as described
previously.”
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RESULTS AND DISCUSSION
Distinct phenotypes of BrMM¢ and PBMo

In order to detect differences between BrMM¢ and their
possible precursor PBMo, BrMM¢ were purified from the
colostrum and compared with PBMo. As shown in Fig. 1,
freshly isolated BrMM¢ were larger than PBMo (inset), and
contained numerous inclusions in the cytoplasm (indicated with
arrows). Both cell types expressed monocyte/macrophage line-
age markers, such as CD14 and CD11b, but notably higher
levels of surface expression for these marker proteins were
observed on PBMo than on BrtMM. In contrast, some of the
molecules, such as HLA-DR, CD86 and CD40, that were
involved in T-cell stimulation, were expressed more promi-
nently on BrMM¢ than on PBMo. Strikingly, cell surface
expression of CD83, a glycoprotein expressed in mature DCs
and in activated cells of some lineages,'"'? was detected only
on BrMM¢, but not on PBMo (Fig. 2a). Biosynthesis of CD83
in BrtMM¢ and the lack of its expression in PBMo were further
confirmed at the transcriptional level by RT-PCR (Fig.2b).
These phenotypic studies suggested that BrMM¢ and PBMo
might be at different stages of cell activation and/or differentia-
tion. Although the possibility that BrtMM¢ were fully differ-
entiated DCs was ruled out since these cells lacked the
expression of CDla (Fig.2a) and CDI1b (data not shown),
down-regulation of monocyte/macrophage markers and up-
regulation of major histocompatibilty complex class II and T-
cell co-stimulatory molecules as well as induction of CD8&3
expression in B-tMM¢ led to the hypothesis that these cells
might be committed to differentiating into DCs.
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Figure 1. BMM¢ were morphologically distinct from their possible
precursor PBMo. BMM¢ and PBMo (inset) were subjected to May—
Griinwald staining, and viewedunderalight microscope. Notethat BMM ¢
contained numerous inclusions (arrows) in their large cytoplasm.

Spontaneous production of GM-CSF by BriMM¢

It has been established that GM-CSF is the most potent cytokine
that induces differentiation of monocytes into DCs."* However,
it seems unlikely that B-rMM¢ are stimulated in situ by exo-
genous GM-CSF derived from other cell types since the level
of GM-CSF in breast milk, if detectable by sensitive assays,
is comparable to that in the serum.'* Alternatively, we con-
sidered the possibility that BrMM¢ might spontaneously
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Figure 2. BrMM¢ were phenotypically distinct from PBMo. (a) Purified PBMo (upper panels) and BrtMM¢ (lower panels) were
analysed for surface expression of indicated proteins by flow cytometry. Specific staining (filled area) and negative control staining
(open area) were shown in each panel. (b) PBMo and BrMM¢ were analysed for mRNA expression of CD83 (upper panel) and GAPDH
(lower panel) by RT-PCR. Note that a specific band representing CD83 mRNA expression (arrow) was detected only for BrtMM¢, but
not for PBMo, whereas both cell types expressed the house-keeping gene, GAPDH.
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produce GM-CSF and stimulate themselves in an autocrine
fashion. Indeed, when freshly isolated BrMM¢ were left unsti-
mulated in culture for 2 days, significant levels of GM-CSF
were detected in the culture supernatants (Fig. 3a). For compar-
ison, culture supernatants of PBMo incubated under identical
conditions did not contain detectable levels of the cytokine
(Fig. 3a). To rule out the possibility that BrMM¢ might be
stimulated non-specifically with bovine serum components to
produce GM-CSF, freshly isolated BrMM¢ were analysed
immediately for the expression of GM-CSF mRNA by RT-
PCR. Transcription of the GM-CSF gene was observed in all the
BrMM¢ preparations from seven different donors, but not in
any of the PBMo preparations so far analysed (Fig. 3b). Thus,
the unique ability of BrMM¢ to produce GM-CSF sponta-
neously was demonstrated both at the transcriptional and at
the translational levels.

It remained to be determined how BrMM¢ acquired the
ability to produce GM-CSF. However, one of the critical
differences between BrMM¢ and their possible precursor
PBMo is that BrMM¢ prominently phagocytose breast milk
components, which PBMo is never exposed to. Thus, we
considered the possibility that PBMo might gain the ability
to produce GM-CSF after an exposure to breast milk. To test this
possibility, freshly isolated PBMo were allowed to phagocytose
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Figure 3. BrMM¢, but not PBMo, spontaneously produced GM-CSE.
(a) Freshly isolated PBMo from six subjects and BtMM¢ from 13
subjects were cultured separately for 1 day, and the amount of GM-CSF
released into the medium was determined by ELISA and plotted. Note
that, whereas no PBMo preparations secreted detectable levels of the
cytokine, BrtMM¢ isolated from most donors produced significant levels
of GM-CSF (P < 0-0035; Mann—Whitney U-test). (b) GM-CSF expres-
sion in PBMo and BrMM¢ was also examined at the transcriptional
level by RT-PCR. All the BrMM¢ preparations from seven different
donors were found to express the GM-CSF gene (arrow) whereas none
of the five PBMo preparations expressed the gene.
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Figure 4. GM-CSF was produced from PBMo after phagocytosis of
breast milk. Purified PBMo were cultured with either media alone, 25%
breast milk supernatant, or 0-1% latex beads. After 4 hr, the cells were
washed, and then cultured for an additional 30hr. At the end of the
culture, the culture supernatants were collected and GM-CSF concen-
tration was determined by enzyme-linked immunosorbent assay. Light
microscopic observation of latex-bead-treated cells revealed that over
90% of cells contained phagocytosed beads intracellularly (not shown).

either breast milk or control latex beads for 4 hr, and then the
cells were washed and cultured for an additional 30 hr. Produc-
tion of GM-CSF by these cells was assessed by measuring its
concentration in the culture medium. As shown in Fig. 4, breast-
milk-treated PBMo gained the ability to produce a significant
amount of GM-CSF whereas latex-bead-treated cells, as well as
mock-treated cells, did not secrete detectable levels of GM-CSFE.
These results demonstrated that phagocytosis of breast milk was
likely to be a potent stimulus for GM-CSF production, which
may account for spontaneous production of the cytokine by
BrMMo.

Differentiation of BrMM¢ into DCs by stimulation
with exogenous IL-4

Given the impact of GM-CSF upon differentiation of myeloid
cells into DCs in general,'”® we reasoned that spontaneous
production of GM-CSF by B-rMM¢ might influence their cap-
ability for differentiation into DCs. Since it is known that IL-4
supports GM-CSF-dependent DC differentiation,'® we exam-
ined if exogenously added IL-4 might act synergistically with
endogenously produced GM-CSF and induce differentiation of
BrMM¢ into DCs. As reported previously,'*> PBMo did not
differentiate into CD1" DCs and retained the expression of
CD14 in the presence of exogenous IL-4 alone (Fig.5a, top
panels) whereas the cells fully differentiated into DCs after
stimulation with the combination of GM-CSF and IL-4, evi-
denced by the induction of CD1a and CD1b expression and the
loss of CD14 expression (second panels from top). In sharp
contrast, significant levels of CD1b expression, as well as
marginal induction of CDla, were observed on BrMM¢ sti-
mulated with IL-4 alone (fourth panels from top). Consistent
with their being DCs, these IL4-stimulated BrMM¢ developed
plasma membrane projections (indicated with arrows in right
panel of Fig. 5b), which were not apparent in B-rMM¢ cultured
without IL-4 (left panel of Fig. 5b). Furthermore, unlike mock-
treated BrMM ¢ that retained the expression of CD14, virtually
no expression of the monocyte/macrophage marker protein was
detected on IL-4-stimulated BrMM¢. A similar phenotype was
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Figure 5. BrMM¢ differentiated into CD1* dendritic cells with high T-cell stimulatory activity after incubation with IL-4 alone. (a)
Surface expression of CD1a, CD1b and CD14 molecules on cytokine-activated PBMo and BrMM¢ and mock-treated BrtMMd was
determined by flow cytometry. Broken lines represent negative staining. Mock-treated PBMo were not analysed due to their poor
viability. (b) IL-4-stimulated BrMM¢ developed plasma membrane projections (arrows in right panel), which were not apparent in
BrMM¢ cultured without IL-4 (left panel). Cells were subjected to May—Griinwald staining, and viewed under a light microscope. (c)
To assess the ability of cytokine-stimulated BrMM to activate naive T cells, allogeneic cord blood T cells (1 x 10*/well) were cultured
for 5days with the indicated numbers of irradiated BrMM¢ that were preincubated with either GM-CSF plus IL-4, IL-4 alone, or
medium alone, and the [*H]thymidine uptake during the last 12 hr of culture was measured. Results were expressed as counts per
min = SEM.

observed for IL-4-stimulated PBMo that had been preincubated BrMM¢ to initiate DC differentiation by stimulation with IL-4
with breast milk (data not shown), indicating that phagocytosis alone even in the absence of exogenous GM-CSF. It is most
of breast milk could influence differentiation of myeloid cells likely that endogenous GM-CSF produced by BrtMM¢ acted
into DCs. These findings underscored a remarkable ability of synergistically with exogenous 1L-4.
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Figure 6. Freshly isolated PBMo and BrMM¢ as well as IL-4-stimulated BrMM¢ were analysed (a) for mRNA expression of DC-
SIGN (upper panel) and GAPDH (lower panel) by RT-PCR and (b) for protein expression of DC-SIGN by FACScan. In FACScan
analysis, specific staining (filled area) and negative control staining (open area) were shown in each panel. Note that fresh BrMM¢, but
not PBMo, expresses the DC-SIGN gene and protein and its expression was up-regulated after IL-4 stimulation.

T-cell activation by IL-4-stimulated BrMM¢

DC differentiation is generally associated with increased T-cell
stimulatory activity.'> Therefore, we examined if IL-4-stimu-
lated BrMM¢ might exhibit better T-cell stimulatory activity
than unstimulated BrtMM¢. As shown in Fig. 5(c), unstimulated
BrMM¢ did not efficiently induce proliferation by allogeneic
cord blood-derived T cells. In contrast, IL-4-stimulated BrMM¢
were significantly more potent in inducing T-cell activation than
unstimulated BrMM¢ and were almost as efficient as GM-CSF/
IL-4-stimulated BrMM ¢ that had undergone full differentiation
into DCs.

Taken together, these results demonstrated that, after migra-
tion into breast milk, BrMM¢ were no longer identical to their
precursor monocytes. GM-CSF produced by BrMM¢ could be a
critical factor for local defence in both innate and T-cell
dependent immunological settings. It has been recently reported
that GM-CSF can augment phagocytosis and pathogen killing
by macrophages in the PU.1 transcription factor-dependent
manner." Thus, one can speculate that BrMM¢, activated by
GM-CSF in an autocrine fashion, may be potentiated to mediate
initial defence against invading pathogens. Indeed, a role for
GM-CSF in preventing Staphylococcus aureus infections in the
mammary gland has been noted.'® Furthermore, the ability of
BrMM¢ to differentiate into functional DCs when stimulated
with exogenous IL-4 makes it likely that BrMM¢ may undergo
such differentiation at a site of mastitis and play a role in
mediating specific T-cell responses locally since a small fraction
of T cells in breast milk are known to secrete IL-4 upon
inflammatory stimulation.'”

Expression of DC-SIGN in BrMM¢

Although DCs are critical immune-competent cells that orches-
trate effective immune responses, some pathogens, such as
HIV, have been evolved to utilize DCs as their target for

infection.'®'® Given that vertical transmission of HIV via breast
milk requires living cells in breast milk,?’ we were particularly
interested in the expression of DC-SIGN, a DC-specific lectin
that binds HIV envelope glycoproteins, in BrtMMd.52!"*2 Using
RT-PCR, we found that freshly isolated BrtMM¢, but not PBMo,
expressed DC-SIGN even before their differentiation into DCs
(Fig. 6a). The expression of DC-SIGN in BrMM¢ was further
up-regulated when the cells were stimulated by exogenous IL-4
alone to initiate DC differentiation (Fig.6a). Based on these
observations, we used flow cytometry to examine whether DC-
SIGN is present on freshly isolated BrtMMd. As shown in
Fig. 6(b), we could detect marginal but significant expression
of DC-SIGN on BrMM¢, although we could not see any
measurable expression on PBMo. As expected, strong enhance-
ment of the DC-SIGN expression was observed on IL-4-treated
BrMM¢ (Fig. 6b). Thus, being committed to differentiating into
DCs, BtMM¢ could potentially provide a useful tool for HIV
spread, resulting in efficient virus transmission to the infant via
breast milk. Local production of IL-4 in mastitis may up-
regulate the expression of DC-SIGN in BrMM¢, which may
explain why mastitis is linked with higher HIV load in breast
milk and higher risk of mother-to-infant vertical transmission of
the virus, as noted recently.?

The salient feature of BrMM¢ demonstrated in the present
study underscores an ability of monocyte-derived tissue macro-
phages to undergo morphological, phenotypic and functional
modifications after extravasation. Such modifications are often
associated with efficient local defence, but may provide an
opportunity for a pathogen to spread and transmit.
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